A self-pumped forward phase-conjugate mirror based on nonlinear wave mixing in photorefractive media is demonstrated. A single input beam to a BaTiO 3 crystal excites an oscillation of pump beams between surfaces of the crystal and a forward phase-conjugate beam. The phase conjugation is carried on the first-order diffraction from the grating induced by the input and the self-generated pump beams.
One of the most common methods for obtaining phase conjugation is based on nonlinear four-wave mixing." The built-in solution for the phasematching requirement made this technique superior to an earlier suggestion for phase conjugation by using three-wave mixing. 5 The attractiveness and simplicity of the four-wave-mixing scheme became even more evident when the self-pumped phase conjugators in photorefractive media were developed' and the need for external pump beams was relaxed. In these devices, the pump beams are self-generated when feedback is added by external mirrors (in the linear, semilinear, and ring conjugators 3 ), by the crystal surfaces (in the cat 4 and linear devices 3 ), or without any mirrors (in the double phase-conjugate mirror 6 ). In all these four-wave-mixing techniques a backward phase conjugation is generated. There is another way to obtain phase conjugation by using the first-order diffraction of the gratings in two-beam coupling. 7 -9 This method gives a forward-propagating phase conjugation and needs thin gratings (Raman-Nath regime) to permit the first-order diffraction. In this Letter we demonstrate such a forward phase conjugator that does not need the external second beam for two-beam coupling. The first-order diffraction by the grating that gives the forward phase conjugation is induced by the interference of the input beam and a self-generated pump beam.
The experimental configuration is schematically shown in Fig. 1 . Beam 1, carrying spatial information and having an extraordinary polarization, enters a photorefractive crystal that has a 450 orientation of the c axis with respect to the input facets (a 45°-cut crystal). Amplified light in a broad angle (the Fanning effect) occurs, and eventually an oscillation builds up between the opposite crystal facets. The feedback for the oscillation is supplied by Fresnel reflections of the facets. In fact, this part of the process provides a compact self-pumped linear (or semilinear) phase conjugator 2 ' 3 in which the feedback is provided by the crystal surfaces instead of by external mirrors. A similar oscillation was demonstrated with LiNbO 3 by Odoulov and Soskin.' 0 The four-wave mixing of the beams produces a backward-propagating phase conjugation (beam 1') of input beam 1. The new result in the present research is the second stage in the beam-coupling dynamics. The grating, induced by the input beam 1 and the self-generated pump beam 2, produces a first-order diffracted beam 3. In this three-beam coupling process beam 3 is a forward phase conjugation of the input beam. 7 " 9 A photograph of the beam patterns inside the crystal is shown in Fig. 2 , and the forward phase-conjugate image carried on beam 3 is shown in Fig. 3 . The angle between beams 2 and 3, which has to be approximately the same as the angle between beams 1 and 2, seems in Fig. 2 to be slightly smaller not only owing to illusion that results from the shifted beams' intersection (the buildup of beam 3 is at the right side of the grating zone), but there is also a real angular reduction of approximately 3% owing to the crystal anisotropy, for which the extraordinary refractive index is higher as the beam direction moves toward the c axis.
We now turn to a more detailed description of the effect through the wave-mixing processes. As mentioned above, we have two stages in the dynamics. In the first part, the pump beams 2 and 2' build up (see Fig. 4 ) between the two crystal surfaces, and the linear phase conjugator starts to operate. In fact, in the analysis below we consider it a semilinear self-pumped conjugator having only one feedback mirror since the Fresnel reflectivity of the surfaces is relatively low (M = 0.17), so that the front surface contributes only -M 2 to the pump's feedback. Nevertheless, this small feedback, together with the fact that it is generated by a flat surface, causes significant fluctuations in the intensities of the backward and forward phase-conjugate beams. The induced grating in the buildup of the semilinear conjugator (1), with the same grating wave number, and another grating, which is due to the coupling of beams 1 and 3, with a wave number that is larger by a factor of 2. Nevertheless, we can neglect these two contributions since the intensity of beams 3 is much smaller than that of beams 1 and 2, as we show below.
A simple quantitative derivation of the beams' intensities Ii = IA 12 can be done by using our assumptions of treating the wave-mixing configuration as a semilinear phase conjugator with the buildup of pumps and thin gratings from which the first-order beam 3 is diffracted. Then we can use the known solution 3 for the beam intensities in the semilinear self-pumped phase conjugator and the double phaseconjugate mirror. In particular, we want to find the grating's diffraction transmissivity that is the transmissivity of a double phase-conjugate mirror 
where Ai is the complex amplitude of beam i and Io = ZIAi 12. We also used the relations Al, cc Al"' and A 2 1 °c A *. The grating turns out to be thin, in the Raman-Nath regime. The reason is the strong depletion of the input beam that confines the beam interaction zone and the grating near the input surface. Then the Bragg condition can be violated and the first-order diffraction of beam 3 is allowed. Its k vector is k 3 = 2k 2 -k, + Ak, where Ak is the small phase mismatch involved in such high-order diffraction processes. The effective width of the grating, which is measured in terms of its period, can be reduced by taking a small angle between the input and the oscillating beams. This improves the diffraction efficiency of beam 3, while still maintaining a high enough coupling constant, owing to the 45° cut of the crystal. Then (2) and if the self-induced pump A 2 is spatially uniform, A 3 is the forward phase conjugation of the input Al. After beam 3 is generated (its experimental time evolution is shown in Fig. 4 ) the coupling between
Here a is a constant derived from the photorefractive coupling strength (yl) by 3 Forward phase-conjugate It is important to emphasize that all the above relations are derived for the steady-state behavior and neglect absorption in the crystal. At this point, the experimental data of the output intensities in Fig. 4 can be examined. the beams' intensities with slightly different input angles, and therefore different coupling constants, showed similar agreement with the expected values.
In conclusion, we have demonstrated a self-pumped forward phase-conjugate mirror. The demonstration was done with a photorefractive BaTiO 3 crystal. An analysis was shown to give a good understanding of the wave-mixing process.
